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ABSTRACT 

Engineering 

High temperature failure s ly involves the nuclea~ 

tion, growth and coalescence of boundary located microcracks or 

processes such as hot press and s also 

lead to the presence of cavities at grain boundaries. The intent of this 

study is to models of grain boundary sliding when cavities are 

at grain broundaries in A1
2
o

3
-sio

2 
ceramics using the internal 

friction technique. 

Internal friction 1s the dissipation of energy that occurs when 

stress and strain are not in phase. An apparatus was developed to 

measure internal friction and elastic modulus up to 1200°C using a 

resonance technique, with electromagnetic transducers. In a polycrystal, 

small amounts of total sliding (strains -10-4 ) can be accommodated by 

elastic s in the neighboring grains. The sliding is recoverable 

and accumulated and dis with a characteristic relaxat time 

which is a function of viscosity This relaxation t 

can be measured in an internal fric experiment. 



vi. 

Models of high in s must 

the tructures that the pres~ 

ence of second at Two s of microstructure, 

and the tant modes of were shed 

1n this study. The t tructure consisted of encompassed 

an 

have 

crostructure 1s accommodated 

in s with a 

fric 

time has been calculated when 

Sl e 

and viscous 

e. 

measurements were shown to be in 

times. Cavi only had a 

derived from 

agreement with 

small contribution to 

At relatively high 

boundary sl 

9 internal fric rises 

ally to very large values. This 

background) is manifest in 

turn in the internal friction on the 

A trans analysis to the high 

strated the significance of a dimens 

to as the high 

talline samples as an UP"" 

side of the peak. 

background demon~ 

, >.rhich was a func~ 

of frequency, 

diffusivity. 

size, elastic modulus and 
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CHAPTER 1 

INTRODUCTION 

tal of refrac materials such as alumina, mullite, 

metall carbides, etc. are made sintering at high 

The last vest of porosity must often be eliminated if the highest 

are to be obtained, but this is hard to achieve. There are 

ient observat l,Z to indicate that high temperature fracture 

in ly involves the nucleat , growth and coalescence 

of grain boundary located microcracks or cavities. The propagation of 

ind cavities or cavity arrays, either by ffusion3~ 7 or by 

8 viscous flow of a boundary phase, is well understood. Coupled cavity 

propagations and coalescence effects that tate the final failure 

have also been examined. 9 The intent of the present paper 1s to examine 

models of grain boundary sliding when sting cavities are present 

at grain boundaries in Al io 2 ceram1cs using internal friction 

techniques. 

In a polycrystal, grain boundary sliding can be accommodated by 

elast deformation of the grains. Presence of pre~existing cavities at 

grain boundaries cause tional sliding. This sliding is recoverable 

upon removal of ied stress and is accumulated and discharged with 

a characteristic relaxation time which is a function of the viscosity 

of the grain boundary in the presence of pre~existing cavities. This 

relaxation time can be measured in an internal friction experiment. 

Models of high ure deformation 1n ceramics must recognize 

the vari.ous microstructures that typically occur, particularly the pres~ 

ence and dispersion second phases at grain boundaries. Two types 
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of microstructure, and the concomitant mode~e! of sliding 

t microstructure will be di shed in the paper, The 

is one no second at (i.e., a single phase 

) was chosen for this purpose. For ). Mullite (75 wt.% Al 

this case slid is accommodated by boundary diffus and the 

displaced from t ies be accommodated at 

boundaries and vice~versa, causing mode I splacements. 

The second eros true tur-e consists of encompassed an amor~ 

second with ting ties, typical of many ceramics 

cated by hot pressing or sintering. For this case, sliding is 

accommodated by viscous flow and the material displaced from pre~exist 

ies accommodated at grain boundaries and vice versa causing 

mode I splacements. 

The relaxation time was calculated using a procedure described here 

for the two microstructures described. Internal friction experiments 

were performed to measure these relaxation times. Satisfactory agreement 

was obtained with the analytic results. The measurements also confirmed 

the theoretically ted dependence of boundary viscosity upon pre-

exis cavity size and spacing and the grain size. 
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CHAPTER 2 

TOTAL SLIDING FROM ELASTIC ACCOMMODATION 

Consider a cavities at the 

When a. stress lower than the yield stress is a.ppl 

to the polycrystal the fol happens: First, there an ins tan~ 

ta.neous elast de format Second, sting cavities at grain 

cause sl As elastic begin to 

slide, futher ela.s of the occur, back stresses 

opposing the sliding build up and the sliding comes to a. halt" This 

The extensicro. of a wedge crack that emanates at a point has 

ly been ed using a cracked dislocation solution first 

Stroh10 and extended by Cottrell. 11 This solution can be 

demonstrated to t the form 

K 

where 2h is the 

"" T sin2¢ /ir'(a/2) + 
s 

( 2. 1) 

, a is the crack length, K (""-KIT /f) is the 
s 

normalized stress intensity factor, E is Young's modulus, 2,Q, is facet 

length and T is the shear stress at 
s 

boundary. The first term is 

due to the normal opening of the crack K and the second derives from 
C5 

the opening by sliding K • However, this solution is 
w 

for the complete description of the wedge crack exension; 

because the opening h cannot be (s state 

sl will not occur Ln the present A comparison solution 



that the 

from recent stress 

at an 

inent stress 

4 

~(~28) to the sl 

factors are deduced 

can be derived 

12 crack, 

the 

th the 

crack as ected to a pure shear stress T (Fig. 2-1) plus a small 

superimposed crack surface traction to of the 

crack. 

The mode I and II stress intensity factors by the is 

are then combined in accord with the strain energy release rate 

to the driving force K for crack exten~ 

s , as; 

(2.2) 

The results, plotted in terms of the normal stress intensity factor 

K(=K/Tif) are shown in • (2.1), we have 

(2.3) 

The average sliding dis (u) due to cavities at tr points 

is related to wedge opening h by 

'IT 
u > ""' 4 h cosec cp (2.4) 

Thus 

(u cosec cp 

point (2.5) 
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2.2. Additional Elas 

Further we note that the elastic di (u) of a mode II 

crack ( 251,) subjected to uniform shear values with distance x 

13 from the center as 

The average di 

u( 
TIE 

is thus; 

For compar , we have from Eqs. (2.5) and (2.7) 

~ "" ( ~) 
312 

cosec¢ (f) 
112 

[K ~ sin2¢ ( i · I) 
112

] 

(2.6) 

(2. 7) 

(2.8) 

Which is plotted in Fig. 2-2. It is thus seen that for small values of 

a/1, typical of experiments, the contribution from triple point cavit s 

is small. 
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CHAPTER 3 

TRANSIENT SLIDING 

The total 1 U as a result of an ied stress is 

di from • (2. ) and (2.7). Thus we have 

1r 4 cos 

where F is a fraction of st 

(a/2)) l 
(3.1) 

cavities. 

The normal stress at the s of wavelength A ( ) 

as a result of stress T is 
a 

a sin 
TI 

by 

y 

The shear stress across the boundary at time t is 

'T ( t) 
s 

0 

a ( t) t ane • d y 
n 

where tane ~s the s of the sinusoidal represented by: 

From 

d 
X"" 2 

• (3.1) and (3.3) we obtain 

T (t) "" T 

cos 

s a 

y 

BU( t) 

(3. 2) 

(3 3) 

(3.4) 

(3.5) 
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where 

6 "" ~·~~~:.;;;.~~~.--
•!1, ( 

[ 
F 

1 + I 
1r . ~ 
4 

]
~1 

yf;; (K;r ~ sin2¢~/2)) 
(3.6) 

expression for B for fully dense al can be by delet 

last two terms the denominator. Using the equation for 

cosi n and o as the thickness 

t 
T ( t) 

"" s (3 7) 
o n 

and combining with Eq. (3.5) leads to 

U ~ (T /6 ~ U)oS/n 
a 

(3.8) 

The solution to which ~~ 

(3. 9) 

where the relaxation time 

T "' n/cSS (3.10) 
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CHAPTER 4 

GRAIN BOUNDARY VISCOSiTY 

In a ful dense material~ the characterist relaxation time 1s 

a funct of intrinsic v1s of grain~boundary. When pre~existing 

es are at grain boundar , the material displaced from 

the ties can be accommodated at grain boundaries and a 

caus mode I displacements. The contribution of st cavi s 

is calculated for the two microstructures. 

4. L restructure 

In this case the growth of pre~exis cavities involves grain 

boundary diffusion with the displaced from the cavi being 

accommodated at grain boundar s. Such an accommodation mechanism per~ 

mits only small mode I displacements and small cavity surface separat 

4.2. Continuous Second Phase 

Two essentially different mechanisms have been proposed to describe 

the growth of grain boundary voids. The diffusive growth models of Hull 

and Rimmer1 and Ballufi and 
2 e consider the cavity to be fed by a 

flux of vacancies generated the grain boundary by the applied stress; 

the other view has not been ified but assumes that the cavity 

behaves as a shear crack which grows by boundary sliding (Gifkins 3 

and Chen and Machl 4 Both viewpoints owe their viablity to' certain 

key experiments which appear to support one mechanism and exclude the 

other. tant observations supporting a deformation growth process 

are, e.g., the ability of alloying elements to reduce both creep rate 

and rupture life whilst having little effect on diffusion (5.6) and the 

ability of cavities to grow under a compressive applied stress. l,B 
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The outstand for the ffusion sm is the inhibit 

icat of tat pressure to 

was 9 '10 stress " Evans' to add the total energy of the system 

a manner s lar to that used Cottre 1111 and Gilman 
12 

for cracked 

d 1 and 1 13 for wedge cracking 

the treated hollow dislocat Evans 10 assumed that was as a 

ma,t:rix was suff ly as to accommodate the misfit s pr<r 

duced dur the of Evans 10 showed that the cavL 

growth can occur only by boundary slid and that slid cannot 

occur without concurrent cavity 

Further there is an amount of evidence ( the opinion of 

'"''fk" 14 0 t~:l ll.'lS 111 a 1 3 review) in favor of the vacancy condensation model, 

where grain diffusion is the A number of objec~ 

tions have raised to the model to favor strain-controlled growth. Apart 

from the ear f ' ld d Q 115 d h d L 1' 16 comments o NH~ an uarre , an C en an Mac,1 Ln, 

Kramer and Machl found that and void area are linearly 

related in nickel. This rules out vacancy controlled void growth. 

Although the creep process itself repor 8,19 ' . to be dom1nated 1n 

this metal ing mechanism. 

Another objection to vacancy growth or es 1n the study of 

Intrater and Machlin. 20 Working in a 

they found that the area of visible voids was independent of temperature. 

In dilute alloys a linear rel on between void volume and strain has 

been reported by Bowring et aL 
6 ~ al Magnox AL 80 the linearity 

was only achieved late in the creep life. Linearity with creep strain 
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was also noted by Hensler and Cul 1 in a's of magnesium alloys. 

found the effect to decrease with decreas s:i.ze. 

The effect of st voids was s ed by Davies and Denis 

who produced by allur al s (pur~ 

posely to cont voids) with fully dense vacuum cast s of the 

same material. They showed the time to lure vs strain rate relation·~ 

went on to 

assume that creep life had been reduced sed creep rate, 

This results from the presence of voids off any excess vacan~· 

cies. The results also those of Kramer and Machl 7 on the 

vo fraction vs creep strain relationship and reflect the independence 

of creep rate from vacancy controlled 

Gitt 23 0 d h 0 0 1 0 h 0 po1nte out t at cav1tat1on rate at 11g stra1n rates was 

b bl 11 d b 
0 b d - 'd' 24 d 1 . pro a y contro e y gra1n oun ary sl~ 1ng an. at ow stra1n rates 

by a combination of sliding and vacancy accumulation. 25 In response to 

these comments 9 Davies and Williams 26 had shown that vacancy loss can be 

superceded by deformation controlled growth. They do not that a 

vacancy contribution is significant ty growth. 

In view of the increasing amount of scussion in terms of a domi·-

nant controlling process, at have been made to find a transition 

from vacancy to deformation controlled growth. Day
27 

was unable to dis~ 
6 

sh between them in steel, nor were Chen and Machl their t 

early work with brass. The strain rate-d void growth (with 

'1 . ) f d " . . d "11' 28 . d respect to tens1 .e ax1.s oun oy G1tt1.ns an W1 1ams was c1.te as 

evidence for such a transition but was criticized, and referred to a 

29 
in mode of deformation controlled by Taplin. 
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A :~.n control of growth has also been b E 
30 y •vans. 

magnes , he concluded that 

sl The rate of increase of void 

length u tly related to the sl The minimum in duct 1 is 

attributed to a maximum void growth rate and its lel maximum slid~ 

ing rate. The sl rate at hi is decreased by the 

formation of cusps. A in the relat between 

creep rate and was re by Wilshire.
31 

He found that 

it increased as the temperature and again discussed the effect 

in terms of the increasing of grain sliding th 

i.ng grain s 

The review of tends to support vacancy accretion in 

the light of experiments involving tatic pressure. However, these 

experiments are not without ics. Machl has given an alternative 

explanation. . 34 
:tn support to the possible role of vacancies 

at low s rates. '1 h" 35 . . . 1973 d d In contrast W1 s 1re, wr:~.t1ng 1n , ten e to 

the evidence for vacancy growth because of the results of reversed 

stressing experiments. If it is that several mechanisms are 

possible, then evidence that vacancy abs ion by voids and their result~ 

ant growth is nevertheless persuasive. Evidence in favor of deformation 

controlled growth is far stronger. The non~s city of cavities, the 

need for tension across the boundaries to avoid sintering, the tempera~ 

ture independence of void growth, the marked effect of alloying which 

does not alter the diffusion coefficient, all can be cited14 , 32 , 34 , 35 

in support. In addition, the relation between cavitation and creep 

strain, and between the rate of change of both and creep life is also 
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indi 35 of deformation controlled growth.. Finally there is a good 

case to be made for several 34 of deformation~controlled growth, 

H k 
36 to ancoc. 9 1n a solid holes may grow by 

vacancy or the act of the stress 

strains at the surface of the hole which cause it to grow. The latter 

does not a vacancy flux to the hole. A comparison 

of the two processes the under which hole growth 

thout vacancy is faster than hole by diffusion. 

Low values of the cr/€, where cr is stress and E is the strain 

rate as well as favor the s process. 

Several authors have examined the of brittle along 

41~44 
creep. These studies have generally com-

a specified rate, .b.s.' and that the resultant sliding displacements 

provide the for extension of a brittle wedge crack. 

However, a prescribed steady state boundary sliding 

can only be occurr if the sliding is everywhere acommodated either by 

diffus or, perhaps by If it is implicitly assumed that 

diffusional accormnodat is then it must be that 

diffusion will also modify the ion of the crack t In 

fact, the crack (which becomes a cavity) will extend by diffusion, in 

accordance with the descriptions outlined by 1 •37,40 v· k38 , eta., Lte 

and et al. 
39 

The earlier model 
1~43 

used linear elastic wedge 

solutions to describe the crack length and are thus not inent 

to cond which involve diffus The presence of a steady state 

sliding di to extend the crack is thus ambivalent. 
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It was subs that a crack, once ini is 

to extend diffus whenever diffu.s condit t; and 

an of ffus ext ens 

An interes to a model in which both deformation 

the and vacancy accret a role has been made 

and :t"icLean. 48 down sl 1 

thin the to t a Under the act 

the tensile stress, they migrate which can only be 

done by climb (still retaining vectors). The vacancies 

emitted climb process to a growing cavity. The disloca~ 

also exerts a force on this cavi to open it, which is 

proportional to the distance between cavit This model is of 

lar interest because it relates growth to boundary sliding. This 

model has been invoked to explain exper observations in dilute 

6 nickel and magnesium alloys by Bowrig et al. and in copper and steel 

..... 24 
by Johannessen and Tholen. 

A more detailed is based on recent 1 crack line' cavity ext en"~ 

37~39 
sion concepts needed to afford a description of the 

failure process. In the 1s diffus is not admitted and 

the only permissible v1scotw motion is boundary sliding. Brittle 

cracks are then tenable. The occurrence of this condition must be 

limited (since grain boundary sliding itself usually involves diffusive 

processes, because of the presence of s and of non~planarity), but 

ant situations can be conceived wherein the proposed process might 

be encountered. For example, ceram1cs prepared by liquid phase sinter~ 

often have anar boundaries, and contain a second phase at the 



boundaries. Thus th;o~ 

viscous low 

he accommodated at 

of 

the 

14 

st s involves mass 

dis from the 
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CHAPTER 5 

THE RELAXATION TIME 

The relaxat t is a func of the viscosity of 

boundary can now be calculated 1y for the two microstructures. 

This relaxation t can be measured 1n an internal friction 

S.L e Microstructure 

In this case the 

and (3.10). Thus we have 

T cos8 
d cos28 

5.2. 

2 
Cn/o) 3( 1~v ) 

16E 

1/2 - sin48(na/2) ) 

t can be calculated from Eqs. (3.6) 

1 + 2F cos8·TI cosec28 (K(3d/8cos8) 1/ 2 

d 

(5.1) 

In this case the relaxation time can be calculated from Eqs. (3.6) 

and (3.10) and we get Eq. (5.1). 
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CHAPTER 6 

EXPERIMENTAL METHOD 

6" L Materials 

The Al system the most in 

due to the abundance and wide use of alumina, sil 

and als. Mullite~ the compound 

stable at high and normal pressures, is a commonly occur~ 

in refractories, whitewhares, and porcelains. Recent s 

th s crystal and high purity, high dens polycrystalline mul~ 

lite, have shovm that o·nly a fraction of mullite's potential lities, 

in to mechanical s , creep resistance, and acid corrosion 

' 1-6 resistance are achieved in normal proces~nng. Potential applications 

of 

gasi 

materials. 

mullite-containing 

6 7 vessels, ' random 

Many methods have been used 

ture decomposition of naturally 

clay minerals) to chemical pre 

raw materials. Several 

s are refractory materials for coal 

8 als, and high temperature structural 

forming mullite, from high tempera~ 

alumino~silicates (such as 

on techniques involving high pruity 

of these methods are 1-bl 4,9,10 a e, 

however, on the sintering behavior of mullite~containing materials. 

Several studies have been made on the kinetics of hot press1ng of 

ll •t 2,11 mu 1 e. (Figs. 6-1 and 6~2) 

vJe notice that mullite with 75 wt.% Al 2o3 presumably has no glassy phase 

at boundaries. Thus this composition was chosen for the single 

phase microstructure. For a microstructure with a continuous film of 
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sy and cavit at , a composit 

th 71.8 "''t.% lite) wa~ chosen. 

There u~ a tuide selection of and s available. The start 

mater s this B were A<~ aluminum oxide (a~alumina) and silica 

flour t' ) which had of 99. and 99.6% respectively. 

ive 
§ 

(Table 1) shows that the spec 

or ty in A~l4 was s impurity in the silica 

flour was Al and were achieved wet 

( 1 hl) '1"' ' ""1 1 ' d "b '11 11 
a co o m1 11ng 1n a ter on Llne Vl ratory m1 • After 

stir and s 120 mesh) were calcined at 1650°C 

for 48 hours to form mulllite. React is considered complete when no 

ffraction 
1! 

tern. a-Al
2
o

3 
was detected 1n 

After calcinat were subjected to coarse crushing in 

a mechanically mortar and pestle** and wet (isopropyl alcohol) 

vibratory milling. The grinding time was 3 hours. After st drying 

and screening 120 mesh) 
0 

were calcined at 600 C for 1 hour to 

volatal any organ1c ion. Powders were labeled according 

to composition. diffraction and microscopy have shown the most 

Sl f on 1n process to be a~Al introduced by 

t collisions milling density alumina grinding media 

were used). 

coa, Aluminum • of America, Bausite 9 Arkansas 
§Ottawa Silica Co., Ottawa, Ill s 
II ~1nerican Laboratories, Inc. 9 San Francisco, California 
~Sweco, Inc., Los les California 

Norelco Diffractometer, 1 Electronics Instruments, New York 
;;Pulverisite 1 Alfred Fi~tsch Co., Germany 
, , Norton, Co., Akron, Oh:to 
TTCoors Porcelain Co., Colden, Colorado 
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s is of Raw 

Al Pr Constituent 

0.035% 

Na 0.02 

Ca 0.02 

0.001 

K o. 

0.005 

Fe 0.03 

Ga 0.01 

Cu 0.001 

~fn 0.001 

Zr 0.01 

Cr 0.001 

Ba 

B 0.01 

Pb 

Ni 

Sr 

The above are as oxides of the elements 

*o. was detection limit 

Ottwa 
Flour 

0.2% 

Principal Constituent 

0.02 

0.02 

0.035 

o. 

0.025 

0.05 

0.001 

0.001 

0.003 

0.001 

0.004 

0.01 

0.00.5 

0.001 

0.005 

cated. 

can Spectrographic Laboratories, Inc. San Francisco, California 
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6.2. Vacuum Hot Press 

tvas performed for the case of s 

structure on small ) 

te and psi The d had 

diameter bore and tht~ loosely to accommodate 1 

1 u.nge:< faces. After a was loaded 

and 7 the as pressed to an est densi of 30% 

of theoret 'rhe assemb as shown 6-3 was heated at a 

to 1 as read from the Pt~PtlO% Rh 

the die. Pressure was exerted virtue of the vacuum of the 

furnace design such that the compact was under 

a pressure of 15 At ' 250 were ied external The 

external pressure was doubled at 1 and maintained throughout the 

balance of the cycle until the had reached room The 

coefficient of expans of te exceed that of mullite causing a 

stress on the hot pressed disc as it cooled. Maintaining the pres-

sure dur cool assured the of the ece The 

was held at 0 for 1 hour and then allowed to cool at 400 C/hr until 

at t the furnace was turned off. Throughout the 

ment the ram motion, vacuum, and were recorded. Afterwards 

the expansion/contraction, rate thereof, and vacuum were 

otted s taneously t time. The hot pressed disc was removed 

from the 

A transmission electron mic 

sho¥m in Fig. 6-2 at a magnification of 28 9 000X. This figure shows 

librium dihedral s indicating the absence of a second e 
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at electron of same composition 

but th is shown in 

a cont lm e at boundari~~s 

th 9 a pre~reacted th 7L8 wt.% Al and 28.2 

wt.% S was hot pressed as above to a maximum of 

1 with 100 psi external pressure gave a disc of 

diameter and 1/8~ 1 thickness. ss showing 

acute angles and sy at is shown i , 

6~5(a) and scanning electron micrograph with cavi at 

is shown Fig. 6~5(b). After hot press , the samples were 

cut using a diamond blade and heated to 900°C for 4 hours to oxidize any 

carbon picked up from dur hot pressing and then ground to a f 1 

s of 6.5 by 0.8 by 0.25 em with faces of the bars flat and parallel 

and lel to within + 0.002 em. Such sion was necessary to ob~ 

tain correct values of the elastic modulus. After testing these samples, 

they were heated to 1750°C for 6 hours in furnace and tested again. 

6.3. Properties 

diffraction was performed under the foll conditions: 

condit were 40 kV, 20 mA, 1°/min, 1/4/1 entrance to exit 

collimation, time constant 3.0 and range 3*10
3 cps. High intensity 

copper K were used. In the single phase restructure, mullite 

was the only phase detected. In the microstructure with a continuous 

lm of assy phase mullite was the only detected, No quantita~ 

tive measurements of intensities were made. The descriptive assess~ 

, Concord, New Hampshire 
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ment of intensities were based on visual of the heights for 

the s t for each case. 

ish consisted of on (1) 

200 30 1 15 and 6 micron metal bond diamond wheels. This was followed 

vi i us slurries of 6,1 and 1/4 micro diamond 

pas emd oil e we.re observed electron microscopy,§ 

A 1 etch with diluted fluor acid solution for the case of 

with a continuous film of assy and a thin (-200 A) 

coat was somet needed to out features. 

For the case of s e tructure, the polished samples 

0 
for viewing by SEM were thermally etched (1350 C) in order to make the 

es visible. Etching was followed by coat with a thin 

layer, In order to determine average size, photographs were 

aced underneath a transparent pla~t sheet, on which parallel lines 

had been drawn. The size was obtained by counting the number of 

boundaries ing straight lines of known length. Correc~ 

tions for the presence of porosity were made according to the method 

t: w d 1 12 
01 urst an Ne son. Magnification and statistical (multiplication 

1.56) corrections were also made. Results are given 

Fract F, of point cont these cavities were also deter-

for the two microstructures and l.s in Table 6~2. · 

., Div., Homer Ci , Pennsylvania 
i Diamond Compound, Buehler Ltd. 1 Evanston, Illinois 

1000, Advanced Metals Research Co., Bedford, Massachusettes §AMR 
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properties of the two microstructures 

s 
crostructure 

2.5 

0.4 

0.5 

Continuous 
glassy phase 

2 

0.3 

0.4 

ty theory assumes that the stresses and strains in 

structural members are uniquely related to one another through the pro~ 

portionality constants called the elastic constants. If the elastic 

constants of the material are known, the strain components may be calcu~ 

lated from the stress components or vice versa. For most engineering 

work it is assumed that the material is elastically isotropic. It is 

then necessary to define only two elastic constants, one relating normal 

stresses and strains and one relating shear stresses and strains. One 

is krwwn as 's modulus of elasticity and the other as the shear 

modulus. 

There are two methods of determining values of Young's modulus~-

static and dyn.amic. In general, the dynamic method is capable of giving 

precise values without destruction of specimen and is more convenient 

than the static method. In tion, particularly at elevated tempera·· 

tures, the static method introduces "anelasticity" (dependence of elastic 

deformation on time) and thus gives 'relaxed' modulus of elasticity. On 

the other hand, an instantaneous deformation on application of stress 
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defines 1 urn:elaxed modulus of elast Various 
. 13~15 :tons have 

been to express the vibration of a , all of 

9 utiliz cm'recticnl terms to account for the: 

modes of the The 's modulus can be 

f1~om the transverse fundamental 
16 as follows 

E o. JljL\)3 
b \ a 1 

(6' l) 

where E is the 's modulus .mm~2, F is the of s e 

( , b is width ( and 1 a 1 is thickness ( 

is the fundamental transverse Greater accuracy in the 

of E obtained when effects of , size and Poissons 

ratio are taken account. The elastic modulus was calculated from 

this value and the dimens and mass of the Use of tables 

by Has 
7 ly reduced the calculation time. 

At an elevated , the value of Young's modulus 9 E 9 can 
. t 

be calculated us as reference and the resonant 

at 1 T, providing allowance is made for the thermal 

expansion of the 18 
Thus, 

(6.2) 

where a is the thermal expansion ient and l'lT is the difference 

between 'I' and room The quanti a may be J, 

by dilatometer, However, :tn most materials, the 

quantity can be because of its low value. 
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6.5. Internal tion Measurements 

The ction of a solid material usually refers to 1 

capaci 1 and a measure of its rate of 1 f-~abs of 

energy. This 1s essential the conversion of the vibrational energy 

into heat and the subs loss of the heat. In motion, the 

character by a decrease in itude with time for instan-

taneous shock vibration, the causes a 1 tation of the max1mum 

itude. This effect is usually observed as the s of the peak 

a resonance curve for low~damping solid materials and the broadness 

of the peak for high~damping solid materials. 

It is well recognized that a measurement of the internal friction 

1s a more sensitive method of studying 9 anelast 1 behavior of materials 

than is the measure of elastic constants. Because of the anelastic 

behavior of materials, the applications of harmonic vibrations leads to 

a e difference between stress and strain and, consequently, a loss 

of vibrational energy which results in damping of mechanical vibrations. 

Therefore by using different modes of vibrations, at low or high stress, 

changes in state or condition can be followed without destruction of 

specimen, or any of the variables of the system. Hence, it is 

possible to study, with a single specimen, phenomena of recrystallization, 

of e changes, of structural changes, and of other physical changes. 

Several methods have been utilized by various inves s which 

are briefly reviewed below: 



25 

of is suf t 

is 

of the tersis 

de format is a measure of the 

internal frict 

of al is sufficiently 

a detectable var 1on 1 the material can 

be str\C~ssed at constant max.imurn 

wl1en the rat of rise or energy is a 

measure of of the material. 

Hethod 3: When the is suf 

measurement of he~t loss under the s 

with can be correlated to 

friction. 

Hethod 4: ~/hen the is suf ent high, the energy 

1c vibration may be measured 

and used as a measure of friction. The est 

di culty enced in thi method will be losses 1n 

the electrical system due to the electronic tersis. 

Method 5: vJhen the is suffic ly , a later 1 deflec-

tion of a rotat shaft a fixed mass ~t one end 

has been used as a measure of the al friction, 



Method 6: When a known is to the specimen and then 

released , a measure of the rate of amplitude 

of free vibratiorHJ can be used to measure internal 

friction, High stres ~s may be easily attained this 

method, but low stress measurements are di t to 

detect and record. During these measurements, changes 

in the state of material may be followed (due to the 

th an ate means for measuring high stress). 

the rate of 

may be studied. 

ther high or low damping 

Method 7: Under a process, where a specimen 

is freely suspended at either end near the node of the 

vibration, a measure of on in amplitude of forced 

vi brat as the frequency 1s var about a resonant 

frequency, can be used to determine internal friction. 

This is known as the resonance method and recently became 

popular with many invest ors in the general f d of 

solid state and particularly for ceramics. 

In the present investi ~on, the resonance method was selected 

because this method provides (a) direct means of measuring the damping 

capacity, and (b) wide range measurements of the damping capaCity up 

to ly high temperatures (about l200°C). 

Internal friction measurements can be made interrupting the 

excitation to the s and counting the number of cycles it takes for 

the itude of oscillations of the s e to decay from a reference 

itude to 1/e of this amplitude. In our case, internal friction 
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was measured by 1 at half 1 of the resonance curve. The 

value was the resonant frequency (at maximum ampli~ 

tude) and then two above and below the resonant 

at which the itude decreased to half of the resonance 

amplitude. Internal is then obtained from the difference of 

the two and the resonant 

(6.3) 

In the dynamic measurement of Young's modulus and internal fric 

the spec of the system. Young's modulus was ob~ 

tained using a sonic method 19 by Forster and further 

by Spinner and Tefft. 20 A block of the is shown in 

Fig. 6~6. Such a system has a measuring range from 600 to 25,000 Hz, 

and provides for the standard off~the~shelf components. The system con~ 

s of (1) a driving circuit, (2) a pickup circuit, and (3) specimen 

support. In the driven exci mode, the variable frequency oscil-

later suppl a driving vol to the sending transducer. The trans-

ducer converts the electrical oscillations into os ci lla t ions 

and them to the sample. At the other end the mechanical vibra~ 

of the sample are converted to electrical s s by the rece 

transducer. These electrical signals are amplified and their amplitude 

is indicated on the meter and spl on the oscilloscope screen. 

The amplified signal is also to the counter unit which 

counts the frequency. If the s too weak to operate the counter 

*rnstitu.t Dr. ter, Rutl 
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t~ there is s to connect the counter unit tly to the 

oscillator tead of the if In s case 

the counter counts the number of s per second of the oscillator 

direct In the self~exci tat ion system the feed back amplifier in 

connection the s and transducers forms an oscillator circuit. 

The of oscillations is de by the resonant frequency of 

the The rec transducer 1s connected to a second amplifie:r 

which feeds the s into the me circuit and the oscilloscope 

t. The frequency counter counts the number of cycles per second 

of the frequency. A disadvantage of this method of exc ion is that 

the frequencies ted will be those most table for the feedback 

conditions existing. It is, however, worthwhile to experiment with the 

coupl or the phase adjustment to proper excitat Once this 

correct adjustment is found, very exact and convenient measurements are 

possible which do not require frequency or amplitude readjustments, even 

in cases where considerable changes 1n moduli or damping occur. 

6.5a. Identification of the Mode 

As descr ly, there are three types of vibrations nor-

mally excited, namely, flexural, torsional, and longitudinal. Besides, 

a rec bar has two types .for any mode of flexural vibration, 

depending upon the relation of the direction of vibration to ~ither 

cross sectional ion, If the vibrat 1s parallel to the short 

s of the cross section, it is generally called 1 flatwise' flexural 

vibration; and if it is parallel to the long side of the cross section, 

it 1B called 'edgewise' flexural vibration. In order to calculate the 
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elastic moduli of the spec 

of the vibration. 

, one must know exactly the and mode 

As the the resonance of 

the specimen, a tern appears on the oscilloscope. The 

frequency at which the maximum itude is observed is the resonance 

Since the whose controlled 

the shift of the elec signal, is an exact reflection of the 

mechanical vibration, it is possible to determine whether the motion 

of the spec at the position of the driver and the pickup is of the 

same phase or opposite. When the ssajous pattern is adjusted so that 

the direction of the diagonal is down to the left for the same 

there will be no pattern at the nodes and a down~to~the right direction 

will occur for the opposite phase, as shown in • 6-7. 

counting the number of nodes along the bar, one can deter~ine 

the mode of vibration. Torsional modes gave the change in pattern along 

the cross-,sectional face of the bar, as shown in Figo 6~7. Exce for 

some specimens which have an unusually low shear modulus, the fundamental 

torsional resonant frequency for thin rods or bars is higher than the 

fundamental flexural resonant frequency. The fundamental flexural vi bra·" 

tion has two modes. The fundamental torsional vibration has only one 

node at the center, If one observes a resonant condition which has a 

node at the center, after observing the resonant condition with two 

nodes, one can anticipate that is the torsional 10n. 

An alternative approach is to identi the mode of vibration from 

the position of the nodes. Torsional vibrations give the same nodal 

position; the fundamental having a node at the center, and the first 
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overtone at 0.251 and 0. 751 from one end of -the specimen. Flexural 

ions sl ly fferent nodal posi 9 which are 0.2241 

and 0.7761 for the fundamental mode These nodal points can be made 

V:LS by substance such as S powder on the specimen, 

t d b H 1 17 h ' 0 11 h 1 h . as sugges e y asse man; t e gra:tns w:t t en accumu.ate at t e pos1-

t of the node. Measurements of internal friction with the Forster-

are complicated by energy loss and by resonances in the 

At room , the energy loss can be minimized and 

the true value of the internal friction can be determined. It is very 

laborious to make measurements at temperatures because the in-

ternal ion of talline refrac oxides characteristically 

with increasing to the point that the electrical 

noise level caused by resonances 1n the wires is comparable 

to the itude of ion of the specimen. For these measurements, 

part precautions must be exercised, a few of which are as follows: 

1) The size of suspension s is crit This is because the 

suspension wires themselves may sometimes be in resonance at some fre~ 

quency near the resonant frequency of the specimen. This precaution 

res special attention at elevated temperatures where energy losses 

of specimen become greater. The best solution is by trial and error, 

using different sizes and s of wires. 

2) At elevated temperatures, the oxidation characteristics of the 

suspension wires demand consideration. When the oxidation reaction takes 

place on the wires, this seems to create excessive noises, possibly due 

to the effect of energy dissipation around the wires, which 1s difficult 

to separate from the noise of mechanical or1g1n. 
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Forster in s original 1 showed ·that with light specimens, 

necessary to the suspension near the nodes (suspension s 

are also used for tation and as ) of the sample or 

values of 1 much higher than true values may be obtained because of 

damping by suspension. Especial for low values 
~I 

of Q , the effect of 

damping by is very values of 
~I 

in error by an sus pens ant; Q 

d f . d b b . d . f h' d . ' 1' . d 22 or er o magn1tu e may e o ta1ne. 1 · t 1s amp1ng 1s not e 1m1nate • 

The suspension damping can be reduced by moving the suspension near the 

nodes, but the suspension must be some distance away from the nodes 1n 

order to function as driver and as pickup. The practical question is 

as to whether both requirements can be satisfied at once, i.e. whether 

the suspension can be far enough from the nodes to permit effective 

driving and pickup and yet close enough to reduce support damping to an 

appreciable level. Thus a method of specimen vibration which 

would be free from this difficulty was sought at kilo hertz frequencies. 

6.5b. Suspension System 

To avoid the above mentioned difficult s the specimen rested 

exactly at nodes on alumina rods and the sample was coupled to trans~ 

ducers by Pt + 40 wt.% wire (0, diameter) at the ends by drill 

holes at diagonally opposite corners and using alumina cement. This 

means of coupl has the advantage that excitation of all three modes 

of vibration, transverse, torsional and longitudinal, and their respec~ 

tive harmonics are possible. The table acement of the wire con~ 

tact will always produce a component to produce the desired mode of 

excitation. It also gives sufficient mechanical decoupling between 

the test rod and transducer to eliminate additional damping during 
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1 measurements. The of the coupled 

system is that the of not defined. It is a function 

of wire tion and tension and case of very unfavorable conditions, 

a funct of the amplitude of 

6.5c. Transducers 

The conversion of electr al al is accomplished 

transducers. Piezoe t:ransduce:rs transformation 

loose water of crystall ion with t Electrostatic 

transducers up induced ld from furnace heating elements, etc. 

and electromagnetic transducers were used for ceramic samples after some 

modification. The elec ic ld acts on a thin membrane consist~ 

of 0.005 11 steel shim stock. A of 0.005 11 diameter constituting 

of Pt th 40 wt.% Rh, is spot welded at the center of the membrane. 

This wire transmits vibration to and from sample for driver and pickup 

transducers respectively. 

The electromagnetic transducers contain a permanent magnet which 

a magnetic D.C. field in a yoke. An A.C. field of suitable 

is s into the D.C. field. The vibrating force 

on the membrane will be to this field as long as this 

to value does not exceed the D.C. ld. ~~en the excitation and 

resonance frequency coincide, the spec 11 oscillate. At the pick-

up transducer, the coupling wire vibrates the shim stock. As the dis~ 

tance between the shim stock and transducer varies during vibrations 

of the specimen, a voltage is induced the windings which is of equal 

In order that direct electromagnet coupling between the 

transducers may be avoided, the laminations of each transducers must be 



noises due to acoust and s ions which 

usual or from the heat elements used. In this 

res resistance heat elements rather than ion type 

are desirable and were used. 

To meet the above specificat ly two 

furnace was used for the t ion of specimens at 

up Ul 1 as shown in . 6~8. The furnace was constructed such 

that the elec al heat elements in the two positions completely 

surrounded the test compartment. The rests on two small alumina 

rods mounted on two D~shaped alumina supports which can be adjusted 

to ace sample at nodes. The assembly is so chosen that the center 

of the coincides with the center of the furnace. As described 

earl , electromagnetic transducers are used in conjunction with a 

special ferro-magnetic disc mounted on transducers. This disc rotates 

and the vibrations are conveyed to s e and vice~versa (receiver) 

through excitation wires (Pt + 40 wt.% Rh and 0.005" d 

welded to center of these scs. Nonmagnetic spacers are used to adjust 

be usted so that the thermal expansion of the sample can be compen~ 

sated by means of fine adjustment screws. The ustment screws are 

first completely turned in, then as the s, the 

are slight t ened from une to time. In this manner an 

1.mum condition of energy transfer is maintained. This ion is 

reversed when the t decreases to compensate for thermal con~ 

traction. The temperature was controlled using a Pt + 10 wt.% Rh 
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positioned so they are mutually Further all ele al 

l~ads should be well led to avoid extraneous electric/magnetic f 

by transducers. 

The most favorable cond are when the 

are slightly bowed and flexible when press against the test rod. The 

most suitable al coupl can be selected with the aid of two 

fine ustment screws ( • 6~8) after the resonant frequency or its 

vicinity has been In order to the wires sl 

from test rod, small holes are drilled at the two ends of the sample 

diagonally apart and coupl attached by means of alumina cement. 

These transducers are identical and can be interchanged. The fol 

are the electrical characteristics of the transducers: 

6.5d. 

Copper resistance 

Inductance 

Maximum current 

150 ohms 

100 mH 

40 mA 

Measurements of elastic constants and internal friction by dynamic 

method 9 at elevated temperature requires means of: 

1. Obtaining a known uniform temperature over the length of a 

specimen, 

2. Controlling this temperature during the process of a 

measurement, and 
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thermocouple and is measured via another Pt ~+ 10 wt.% Rh thermocouple 

in the center of the s chamber. This set up is ly 

for any vacuum. 

A linear 

modulus of several talline refrac oxides including aluminum 

9 magnesium and thorium oxide above room with 

the ion of a reduction from 1 ty at high 

the initial linear decrease in modulus above room temperature is due to 

thermal vibrational energy increas the separation between atoms and 

slightly decreasing the force necessary for further separation. For 

start becoming mobile resulting relaxation of shear stresses act 

on grain boundaries, and the elastic modulus will start decreasing 

rapidly. Beyond the temperature (T ), correspond to the peak in inter~ 
p 

nal friction, Q~l vs temperature (Fig. 6~10) 9 the boundar s become 

sufficiently mobile and the shear stress along the grain boundar s is 

essentially relaxed at all times. Thus the stops, whereas 

the linear drop due to thermal vibrational energy s. 

The drop in elastic modulus M, due to anelastic relaxation only 

( • • ) • • 2Ll 
gra~n boundary relaxat~on ~s g1ven by 

(6 .4) 

Where M is elastic modulus, is relaxed elastic modulus, 1S 

relaxation of the modulus, w is frequency and T ~s relaxation time. 



Table 6-3. Data on 

97 

399 

576 

649 

698 

788 

901 

36 

1 Al 

29.91 

28.92 

28.37 

28.41 

27.77 

27.52 

27.41 



37 

Table 6~l~ 0 Data for + L5 \W't a% s 

E*lO 
~2 

( s) ( s) Q 

21+ 26,21 2.88 1.028 

500 24.85 3.06 Ll24 

550 24.56 12 3.09 1.141 

681 24.35 4891 3.56 1.321 

693 24.12 4868 3.62 1.3!•9 

711 24.16 4872 4-.19 1.561 

723 11 4867 4.76 1. 774 

734 24.06 4862 4.86 L813 

74-2 24.01 4857 4.75 L773 

747 23.89 4.67 1.748 

756 23.82 4838 4.59 L721 

762 23.78 4834 4.13 1. 5L~9 

777 23.71 4827 4.12 L547 

787 23.76 4827 3.93 L474 

795 23.47 4830 3.95 1.483 

831 23.64 4819 3.80 1.431 

972 23.21 4775 6.06 2.301 

1009 23.01 b,.755 6.88 2.623 

1012 22.96 4750 6.81 2.601 

1016 2.3.06 4760 7.55 2.876 

lOL<O 22.97 L;75l 8.65 3.301 
~-~~,~--~==---~~=~~~~ ~~~-~~:~--~,~-~~.,.-~~--~-~~=~~~~~" 
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~3 ~2 
E*10 Kg.mm 

373 22.00 

473 21.65 

571 21.30 

606 21.17 

773 20.60 

871 20.29 

923 20.06 

19.96 

969 19.88 

981 19.77 

988 19.66 

996 19.65 

1009 19.63 
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Table 6~6. Data on 71.8 wt.% s 11 
' 

porosi = 32%) 

,---~-

(c/s) E*lO~lO(N/m2 ) D. (c/s) Q~1*104 

~~~~~~-==<> 

14,560 13. 2.52 3.14 

317 14,501 13.58 2.48 3.10 

14,437 13.46 2.53 3.18 

667 14,265 13. ll~ 3.00 3.81 

682 14,232 13.08 3.17 4.04 

711 14,210 13. Ol~ 3.31 4.22 

722 14,199 13.02 3.47 4.43 

729 14,205 13.03 3.74 4. 77 

737 14, 177 12.98 3.65 4.29 

71+4 14,156 12. 3.89 4.98 

753 (T ) 14,166 12.96 3.94 5.04 
p 

772 14,128 12. 3.52 4.52 

780 14,079 12.80 3.81 4.91 

813 14,035 12.72 3.23 4.17 

827 14,013 12.68 3.43 4.44 

850 13 9 890 12 ,.46 3.48 4.54 

872 13,829 12.35 4.00 5.25 
~""=-"-===·~.~~,-=-=-----~=~~r 





41 

Table 6~8. Data on 71.8 wt,% e (mullite) 

~~-=== 

(c/s) M (c/s) 
r 

Q~l*l04 

217 4061 1.31 .584 

476 3976 1. .650 

3959 1.55 .709 

647 1. .755 

665 3936 1.64 .754 

703 3920 1.91 .882 

731 3907 2.16 1.002 

752 (T ) 3903 2.39 l.llO 
p 

768 3882 2.15 1.005 

769 3874 1.94 .907 

775 3868 1.97 .922 

782 3872 1.87 .876 

802 3858 1.96 .921 

805 3850 2.03 .955 

831 3843 2.10 .991 

905 3800 3.19 1.523 

958 3788 4.37 2.091 

992 3762 5.17 2.492 
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By substi x = lnwT, Eq. (6.4) reduces to: 

oM (1 + tanh (S+U/T)) 
"" 2 

(6.5) 

Wachtman et. al 
25 

have suggested an empirical expression for temperature 

dependence of elastic modulus for temperatures approaching absolute zero 

to suffic ly high before from 1 ty occurs 

in talline samples due to boundary sl 

M M(O) ~B*T* exp(~T /T) 
0 

(6.6) 

where M(O) is value at absolute zero and is approached "V-Jith zero slope 

as required the third law of thermodynamics. At high temperatures 

exp(~T /T) approaches unity and the equation gives a linear dependence 
0 

with 26 
This was given a theoretical basis by Anderson in 

terms of a corresponding equation for bulk modulus. From Eq. (6.5) and 

(6.6), for polycrystalline materials above room temperature this can be 

described by: 

M(T) M(O) ~C*T- F(l ~ tanh (S+U/T)) ( 6. 7) 

where M(T) is the elastic modulus at temperature T K, M(O) is the extrapo~ 

lated value to 0 K of 1 drop due to thermal vibrational energy, C is 

the slope of the linear decrease due to thermal vibrational energy, and 

F is the drop near T 
p 

For a material with single relaxation time (T), 

S = ~U/T where U "' Acitivation energy/gas constant. Though this equap 

tion is strictly true in the region of the internal fr ion peak and 

for a unique relaxation time 9 the form of the equation is also valid 



for a dis ion of relaxation times as sno't>m in . 6~12 and Table 

for in a s of 

The due to u. sl 

In the case of distribut times the was fitted 

the para.meter U. d ribution of relaxat t 

occurs when a fract of the are :tn cond:it to 

relax near T . Some relax ily while others are sti 11 st fL 

s is tf~ from 0 6·· 2 and Table 7·~1. A distri~ 

but in relaxation times was used to ly describe the spectrum. 

of re times the boundary relaxation with dis 

but ion of 3.25. A theoret cal s time curve 

is also shown. An activation energy of 160+20 Kcal/mole "'as found 

shift due to :tn This agrees well with literature 

values. 

1n working with nominally pure polycrystalline Al found 

an internal friction peak at about 1 7 c/s). 31 Wachtman found a 

at 1 
32 

1 Kc/s) whereas Crandall found a 

5 Kc/s)" Nos al microstructural is was done concerning 

the tructure of test specimens. Additions of small amounts of 

or gave rise to a around 30 as found by Chang 

\iho obtained an activation energy of 47 Kcal/mole for th<~ peak due to 

He suggested that marked decrease in activat energy when 

small amounts of was added can be understood by assum~ng that a 

smaller numer of atoms are disordered dur boundary slip when 

additives are pesent. The evidence, however, :ts not conclusive. 

Further, Chang suggested a new mechanism of boundary relaxation 



based on creep and anelas c studies: a stres formation, 

t and lat of vacancies. At under tensile 

stress, vacanc (above librium concentrat are formed. The 

act ion energy of the process is the sum of that for formation and 

of a vacancy, which is the act ion energy for self dif~ 

fusion. When solute atoms are present, the activation energies for 

and m1 of a vacancy near the solute atoms are markedly 

lowered. A new relaxation process the solute atom arises, 

presumable caused by stress induced formation, migration and annihila~ 

tion of vacancy-solute aggregates near boundary. Further stud 

are to verify the mechanism. 

Further observations concerning the elastic behavior of poycrystal-

33 34 line materials have been made by Wachtman and Ault • Again, in these 

investigations, no special comments were made concerning the microstruc-

ture of test specimens. Wachtman and Ault find non-linear decreases in 

elasti ty of polycrystalline alumina from 600° to 900°C. Crandall also 

According to Crandall et. al., X~ray 

ions of all such samples revealed that mullite was formed with 

each addition of silica. One addition of silica produced 3% 

mullite; 3% silica addition produced 10% mullite; and 5% silica addition 

produced 17% mullite by weight. They found an internal friction peak 

0 
around 700 C attributing it to the same phenomenon observed by Chang in 

35 Turnbough and Norton found 

. h 31 30 1 . ] d 1 . assy phase 1n Wac tman and Chang a um1na samp _es an a so 1.n 

30 
Chang's Al 2o3-cr2o3 samples. They observed two relaxation mechanisms 

in alumina. Type I, a lower temperature relaxation, associated with a 



peak, is impurity dependent. According to peak exists when the 

relaxation phenomena involves a back stress. On hand, Type II 

temperatures. According to them, it appears to stem from the 

intrinsic ies of grain boundaries as it was absent single 

crystal even at temperatures where single crystal Al
2

0 deformed 

visibly and was those polycrystalline specimens which con~ 

no viscous phase. It was as ing from diffus 

controlled grain boundary 

An activat energy of 35 Kcal/mole was found to be as 

with Type I relaxation in one of their Al
2
o

3 
sample which is within the 

range for viscous flow in silicate glasses. Chemical analysis of their 

alumina indicated the presence of ites such as sil and alkali 

oxides. Impurity additions such as Cr2o
3 

and Sio
2 

which should go into 

solid solution or form crystalline nonviscous phases ively with 

the alumina at 1675°C for 3 hours do not appreciable alter Type II damp-

ing from that of pure alumina. According to them a small Type I peak 

1n Al
2
o

3 
+ 1 wt.% Cr

2
o

3 
is due to apparatus irregularities. It is to 

be noted that a viscous phase at grain boundaries is not just the result 

system, kinetic inaccessibility of 

f " f 11 . k b . 1 . 3 6 ~4 2 ormat1on o mu 1te ma es metasta 1 1ty, • 6~1, realizable 

under normal experimental conditions. 43 A sintering study of mixed 

powders of alumina and silica show that formation of a viscous phase is 

a precursor to formation of mullite. 



LS wt.% sil e was· hot pressed starting from 

of and The sample was hot 

pressed at fot: one hour. 

The ial drop in elast modulus due to thermal vibrational 

energy is the same for commercial Al 

can be low solid solubility of S ln In this tem-

range grain boundaries are not mobile. Corresponding 1 
VS 

t for + LS wt.% S is shown in 6~10. The glass 

boundaries relax around 730°C which is dose to ass transition 

of alumino silicate glasses. The activation energy was 

found to be 45 + 5 Kcal/mole, The activation energy matches well with 

literature values of activation energies obtained from bulk viscosity 

44~45 
measurements. 

The 1n elastic modulus due to 

wt.% alumina and 28.2 wt.% Sio
2 

sample 

boundary sliding for 71.8 

a continuous film of glassy 

at boundaries is shown in Fig. 6-13 and Table 6-6. Internal 

friction versus temperature plot is shown in Fig. 6-15 and Table 6~8, 

A corresponding drop in elastic modulus for 75 wt.% alumina and 25 wt.% 

sil sample is shown in Fig. 6-14 and Table 6-7. Internal friction 

versus temperature plot is shown in Fig. 7~1 and Table 7~1. 

Thus dynamic elastic moduli and internal friction can be measured 

using electromagnetic transducers with special modif 1on. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

The damping spectra for mullite (75 wt.% Al
2
o

3
) having single 

microstructure is shown in Fig. 7~1 and Table 7~1. Corresponding spectra 

for sample with glassy phase at grain boundaries (mullite 71.8 wt.% 

Al ) is shown in 

7.2. 

In order to determine if the mechanisms proposed for different 

structures are valid, experiments were conducted for the case of single 

phase microstructure and for the case of glassy phase at grain boundaries. 

The relaxation timeT for comparison with Eq. (5~1) for single phase 

microstructure and also for glassy phase microstructure was calculated 

from the condition WT = 1 where w ~ 2Tif, is angular frequency of oscilla~ 

tion at the damping maximum. The normal ion of the relaxation time 

for the variables of the experiment (excepting temperature) leads to 

Eq. (5.1) for the case of single phase microstructure and also for the 

case of microstructure with glassy phase at grain boundaries. Thus the 

theoretically calculated values are from the right hand side of the 

Eq. (5.1) for the two microstructures ively. These are compared 

against experimental measurements of the left hand side of Eq. (5.1) 

corresponding to the two microstructures. 
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Table 7~L Data on mulli te 05 wt.% ) 

~~-~~=-=---"'=~~~~~~~~~~-~-~"~==~~='"-='~-~~-

(c ) /::, ( s) Q 
~I 

QNorm 
~~---=-«-~-~~-~----==-·--=-=~~,~~-~-~--""='>~===~~~,..·=·--=~= 

100 3543 4.44 2.302 

506 b, .57 2.416 

801 3420 4.68 2.511 0.119 

817 3419 5.13 2.753 0.229 

3410 6.28 3.383 0.370 

852 3407 6. 3.748 0.514 

881 3405 9.23 4.975 0.950 

897 ( ) 3384 9.13 4.951 0.995 

905 7.00 3.801 

917 3374 4.52 2.461 

926 3373 4.43 2.461 0.817 

941 3370 4.57 2.462 0.641 

956 4.57 2.463 0.400 

988 3357 4.63 2.500 0.231 

1018 3355 4,56 2.493 0.08 

1035 3348 4.836 2.652 

1054 3.345 5.20 2.854 

1097 33L>1 6.61 3.635 

1139 3327 9.50 5.178 

1172 3320 15.10 8.249 

1181 3319 19.17 10.475 

-~.~~-~-~=~--
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Normalized relaxation times for tests are plotted logarith~ 

ly t rec al absolute for single phase micro-

structure 7-2 and Table 7-2 where it may be noted that the acti-

vation energy of 160 + 20 Kcal le was obtained from the slope which 

matches well with literature values. 1- 2 Corresponding graphs of nor-

malized relaxation times for tests are plotted logarithmically 

t rec absolute temperature for microstructures having con-

tinuous glassy film at grain boudar l.n 

it may be noted that activation energy of 95 + 5 Kcal/mole was obtained 

3-4 
from the slope which matches well with literature values. 

Table 7-2. Internal friction data for sample with single phase micro
structure (e~ 30°; K = 1.38 corresponding to a/1 = 0.37, 
Q = 160 + 20 Kcal/mole) 

(K) (c/s) *l05
s Cn/6). *J0-13 2 ln(L.H.S.) ln{R.H.S.) T kg/m • s 

1 (Eq. 5. 1) ( • 5 .1) 

1145 1,156 13.77 11.53 4.56 5.31 

1176 7,213 2.21 1.85 2.73 3.48 

1190 15,650 1.02 0.85 1.96 2. 71 
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Table 7-3. Internal tion data for s having continuous sy 

T (c/s) 

boundaries (8 ; K 1.42 correspond~ 
1 ~ 0.275, Q 95 + 5 Kcal/mole) 

*1 ln(L.H.S.) 
(Eq. 5.2) 

ln(R.H.S.) 
( Eq. 5. 2) 

~-~~~~~-~-- ,_~.,.._,=.,~~-

986 2,109 7.55 5. 4.18 4.60 

14 7,993 1.99 1.38 2.85 3.27 

1026 14,166 1.12 0.78 2.27 2.'70 

-~~-~~-~~==~ ~~=~-~-~~~~==.-""= 

The discrepancy between data and theoretical predict 

is ly due to viscosi s values for dense samples. 

scosity as well as effective thickness might be different 

for cavitated and fully dense samples for the two microstructures under 

consideration. Further, not all grain boundaries relax at the same time 

and equiaxed grains are assumed in the analysis. 

We interpret this to mean that grain boundary damping peaks observed 

in case of single phase microstructure and microstructure with glassy 

at grain boundaries result from grain boundary sliding accommodated 

by elastic deformation of the grains. The rate of sliding is controlled 

boundary diffusion and cavities only play a small role in the 

accommodation process for the case of single phase microstruc'ture as 

obvious from g. 2~3 and only ~zo°C lowering in temperature due to the 

presence of cavities. Corres ingly the rate of sliding is controlled 

by viscous deformation (with no diffusion involved) and cavities also 

play only a minor role in the accommodation process for the case in which 

glassy phase is present at grain boundaries as obvious from Fig. 2~3 and 
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0 only -30 C lowering in due to presence of cavi The 

act ion energy d not change due to the presence of cavities which 

further cates the small role by cavities in the deformation 

process. 
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CHAPTER 8 

HIGH TEMPERATURE BACKGROUND 

8.L Introduct 

9 that thermal or diffusion between 

boundaries~ or near boundaries could contribute to damping. 

acent 

driving 

forces for redistribut of heat or solute atoms to new equilibrium 

under load. However, because there are 1 ium end 

states, thermal or solute diffusion to boundaries will cause 

with dist peaks; although Zener 
1 showed, they do not sat is t as 

a simple Debye frequency relation. These losses are ly small 

compared to the sliding losses and predominant at different frequencies. 

Several other damping peaks caused by various solute diffusion mechanisms 

h b 
0 1' 'db . 2 "k d 3 ave een extens1ve.y 1nvest1gate y De Bat1ste 1 Now1c an Berry, 

but are generally not unique to polycrystalline materials and will not 

be considered here. 

Later it was recognized by Friedel4 and that defect diffu~ 

sion, that is, cyclic Nabar:ro~Herring creep, can also cause damping, 

For diffusion to and from boundaries there is no equilibrium end state 

and so background loss will without a limit at high temperature 

or low frequency. Diffusion can similarly cause cyclic dislocation 

1 principle, this can also increase without limit at low fre-

quency, although at low stresses climb may be limited by the dislocation 

line tension giving a stress dependent limiting strain. Glide disloca-

tions of course, also cause damping, but any slip involved in the high 



polycrystalline background is likely directly related to 

the stress concentrations at grain in contrast to the lower 

peaks found in both s crystals and polycrystals. 

Gifkins6 and others have also suggested that diffusion at small 

may be a limiting process in the sliding peak; however, depending upon 

the s of the steps, this process becomes indistinguishable from the 

background loss. 

High temperature background has been analyzed here in terms of 

boundary diffusion in the transient case of non~uniform of 

grain boundary. 

8.2. 

When a remote stress croo to a polycrystal, boundary slid~ 

1ng occurs with a relatively short relaxation time to generate stress 

singularities on adjacent boundaries (Fig. 8-1) The magnitude of singu~ 

larities depends on the deformation properties of the material. For 

most polycrystalline ceramics, the grain can be assumed to respond in a 

linear viscous fashion. For this case, bounds on the singularity can 

be obtained from a two-dimensional solution with completely relaxed 

boundaries, 7 

0.4lcr ~ = K /IX 
00 u 

where cr is the local stress, crro the remote stress, d the grain facet 

length and x the distance from the triple point; and from the solution 

8 for a single mode II penny crack 

(8.lb) 
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These local tensile stresses vacancy at 

sources (to a vacancy ion). The 

then di to acent (compressive stressed) , and the 

stress s dissapea:rs 9 as in . 8~1. The relaxed 

stress distribution can be est ed by as that the tim~dependent 

stress distr ion cr(x,t) has the form at t ~ 0 by Eq. ( 8.1) 

K//X X> 0 

cr(x,O) = (8.2) 

X< 0 

If o "" o , t) is the effect of the boundary 

(due to the addition of matter to the crystals on each side), and J 

the number of atoms diffusing along the boundary per unit time, 

per unit thickness into the plane of the diagram, mass conservation 

that 

03J/3x + 3o/3t = o 

. 9 10 
Further, the linearized law of diffusion 1s ' 

where the 1on has been arranged to emphasize that -·Ocr is the 

(8 .3) 

(8.4) 

cal potential per atom. Here Db(\ is the grain boundary diffusion 

parameter. Hence, 



55 

(8.5) 

A standard result of s 1 elasti ty indicates that 

for a stn!ss di 

(8.6) 

where B contains the time dependence of the stress acting along the axis. 

The required distribut of the 11 thickening11 displacement is twice the 

surface displacement in the corresponding problem of load appl 

a half space. 9 11 Thus e.g., following Chuang and Chuang et al., 

iYx c(x,t) = ~ (2(1-V)/GY)/B(t)e 

ion to 

(8. 7) 

where G is the elastic shear modulus and in Poissons ratio. If the 

express ions for and 

is necessary that 

where 

are to satisfy the diffusion equation (3), it 

B(t) 

G(\Dbrl 
== m=vTkT 

(8 8) 

Hence if the initial stress d tribution of Fig. 8-2 is represented by 

00 

(8.10) 



56 

the stress distr ion at any time t > 0 ig 

o(x,t) "" (y (8.11) 

:lOU of • (8.11) and as forward 10!1 

based on the form earlier for the result 

00 

B (y) = 
0 

1 (8.12a) 

t: -

00 

(8.12b) 

where x' ~ ~x 

"' I ~iK/ 
iK/2 

IYI 112 y > 0 

Yil/2 y < 0 

(8.12c) 

where these results are the al for o(x,t) ( • (8.11)) 

with u2 
• Yx and z = at/ , the result is 

cr(x,t) ~ \ • f(at/ ) 
(8.13) 

where 
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f(z) "" 
1 

) 

0 2 d Sl.nU U exp(~ 

which is plotted in • 8-3 and can be represented as 

f(z) ~ 0.24 exp(-0.095z). In case of internal ction K "" 

then standard superposit 

o(x, t) "' ~o. 

o(x,t) "' 

0 

K 
0 

t 

sin (t~ 
1/2 

X 

leads to 

o(x,t) "" K ~ ) 1/6 
0 

where 
00 

G(q) = 0.24 
5/6 

q 

0 

where p ~ lOq 

f (a(t:;•)) dt' 

[cosWt G(q) ~ sinwt H(q) J 

' sinqz ' exp(~0.095z)dz 

(8.14) 

coswt, 

(8.15) 

(8.16) 

(8.17a) 

(8.17b) 

(8.17c) 



and 
00 

H(q) ~ 0.24- /6 
cosqz • exp .095z 

The average stress is obtained from 

and is 

a "" av 

and 

z K0 (~ r/6 [ 

(J 
av 

l f . . Q~l r1ct1.on : 

2 

g;; 

0 

2 

2 o(x,t)dx 
d 

d/2 

a(~ x
3
) dx - sinwt 

H (~ x
3
) dx 

Q 
~1 

2 

a(~ ) dx 

d/2 

0 

UL 17d) 

(8.17e) 

(8.18a) 

H(~ x
3
) dx] 

(8.18b) 

(8.19a) 



* "".2. \.\) where p - -- ~-
4 a 
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(8.19b) 

(a) For p* < 1, we get from Eq (8.19b) 

1 13 (8.20a) 

which is the steady state result 

(b) For p* > 1, the integral in numerator of Eq. (8.19b) converges to 

-1.4 and denominator to 6(p*)~l/ 6 

Thus 

(8.20b) 

the transition from case (a) to (b) excess p* ~ 10 

The results are plotted in • 8~4 where contribution to high tern~ 

perature background from diffusion accommodated grain boundary sliding 

(Eq. (8.20b)) and from diffus at 12 . . h corners 1.s shown along w1 t 

the total contribution to high temperature background internal friction 

wh results from Eqs. (8.20a,b) and Ref. 12. Data for Al 2o
3 

(Ref. 13) 

1S also shown which matches well with the theory. The slight discrepancy 
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is due to distribution and error ·in value of 

14 
factor in diffusion data. • 

Nonnal tress distribut is shown 

ial 

A) 

shows that x 2.5(at) 113 is a measure of the distance from the 

junction over which the stress concentration is seriously 

diffusion. It 1s thus seen that the dimens s parameter 

((1 ) ) is very suitable in represent data and future 

data should be us this parameter. 

ed 
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CHAPTER 9 

St~ARY AND CONCLUSIONS 

in mulli.te (75 wt.% alumina) and a 

microstructure with 7L8 wt:.% alumina and 28.2 wt.% Si0
2 

with pre~ 

st cavi at grain boundaries were measured. The peaks were 

at to boundary sliding with elast accommodation. It 

was thus concluded that: 

1. Pres~::nce of 

to the total 

ting cavities had only a small contribution 

boundary sliding. 

2. The relaxation time for sliding varies th ty size, cavi 

spacing and with grain size 

for the two microstructures. 

accordance with models developed 

3. The activation energy of the relaxation is in agreement with 

that for boundary diffusion in case of mullite with single 

phase microstructure. 

4. The activation energy of the relaxation is in agreement with 

that of viscous flow in case of microstructure th a glassy 

phase at the grain boundaries with cavities behaving as shear 

cracks under grain slid 

5. The transient case for high t background was solved 

and it was well represented by a dimensionless parameter which 

was a function of frequency, grain size, elastic modulus and 

grain boundary diffusivity. 

It is further concluded that internal friction measurements provide 

a useful method for measur 

elastic accommodation. 

rates of grain boundary sliding with 
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APPENDIX A 

RELAXED STRESS DISTRIBUTION 

When • (B.l2c) is inserted in 

substituted, the result is 

o(x, t) "' K • H 
(at) 1/6 

(H.l) 
(at) 

where 

H(Y) ) . •Y)dv .2) 

Y "' x/ (at) 113 (H.3) 

A of normal stress distribution is shown in Fig. 8~5, which 

' 1/3 depicts a maximum at x "' 2.5(at) , is a measure of the distance 

from the junction over which the stress concentration is seriously 

by diffus 
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FIGURE CAPTIONS 

The of stress ity factor with crack 

and for a crack ect to in~plane shear and 

small closure tractions. 

of rat of elast displacement due 

to mode II shear as a function of 

size and 

. 6~1. The extens of the S and liquid to form the meta~ 

stable e diagram without mullite superimposed on the 

phase diagram. 

Transmission electron micrograph of mullite (75 wt.% ) 

with 1 angles. 

Cutaway view of hot press assembly. A-Pyrolytic graphite 

spacers, B-water cooled steel ram for pressure application 

(at. top), C-graphite plunger, D-graphite die, E-powder charge, 

F-thermocouple in protection tube (G), H-furnace can, !-furnace 

lid 1 with insulat felt, J-molybdenum mesh furnace 

element, K-connections to power leads 

F • 6-4, S Electron Mi of Mullite (&7 wt.% Al
2
o

3
) 

boundaries. th c. a vi t at 

F • 6-5. Electron micrograph of mullite (71.8 wt.% Al 2o3
). 

(a) tt:er electron micrograph showing acute dihedral 

angle and 

showing 

sy phase. (b) Scanning electron micrograph 

ties at grain boundaries. 

• 6~6. Block diagram used for apparatus used for bar resonance. 

F • 6-7. The resonant vibrations in a rectangular bar. 
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Fig. 6~8. Furnace with transducer assembly.- (1) Furnace, vertically 

it two piece, (2) Elec transducers, (3) Ferro~ 

ic vibrat disc, (4) Holder for disc, (5) Sample 

, (6) Thermocouple, (7) Excitation wire, (8) Non~ 

magnetic spacer. 

Fig. Temperature dependence of Young's modulus of elasticity for 

s 

Fig. 6~10. Internal friction as a function of temperature for poly~ 

crystalline Al2o
3 

+ 1.5 wt.i. Si02 • Average surface area 

('ll I grain) "" 25 • 

• 6~11. Theoretical curve fitted to experimental data for A1
2
o

3 
+ 

2.5 wt.% sio2 sample. 

Fig. 6-12. Normalized internal friction (with background subtracted) 

as a function of reciprocal absolute temperature for mullite 

(75 wt.% Al
2
o

3
). (a) Experimental curve with distribution 

parameter of 3.25. (b) Theoretical curve for single with 

distribution parameter of zero. 

Fig. 6-13. Temperature dependence of Young's modulus of elasticity for 

mullite (71.8 wt.% A1 2o3 , porosity~ 32%). 

Fig. 6-14. Temperature dependence of elastic modulus of mullite (75 wt.% 

Al 2o3 , porosity = 28%). 

Fig. 6-15. Internal friction (Q-l) vs temperature for mullite (71.8 wt.% 

Al
2
o

3
). 

Fig. 7-1, Internal friction (Q- 1 ) vs temperature curve for mullite 
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relaxat as a function of reciprocal 

absolute 05wt.% ) 0 

Norrnal ted as a function of 

absolute for mull 

• B-1. Stress developed (x > 0) as a result of freely sliding 

• 8-2. Initial stress stribut and its relaxat by diffusional 

accommodation. 

Fig. 8-3. Stress dis ion otted us normalized coordinates 

. 8-4. 

suggested by the analysis. 

from d 

boundary 

ion to high 

accommodated 

background internal friction 

boundary sliding and grain 

ffusion. Data for Al 2o3 
is also shown. 

• 8-5. Relaxed stress dis ion using normal 

coordinates. x = 2.5 (at) 1/ 3 is the effective distance over 

which diffusion occurs. 
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